Introduction 46
Submersed aquatic vegetation (SAV) growing in low-salinity and freshwater systems are typically not found in monotypic communities, but in multispecies beds, with 48 the dominance of individual species varying in both space and time 49 Chambers et al., 2008; Orth et al., 2009; Arthaud et al., 2013) . This suggests that there is 50 a range of suitable environmental conditions among the diversity of species in these beds. 51
This may allow for greater natural survival or restoration under a wider range of 52 environmental conditions when compared to monotypic communities. 53
Changing environmental conditions may alter the competitive advantage of one 54 species over another, because each species may have different requirements for their 55 growth or tolerate a different range of conditions. Within an estuarine system such as the 56 Chesapeake Bay, parameters related to light, temperature, nutrients, salinity, and 57 sediment may all play roles in the SAV community dynamics (Kemp et al., 2004) . 58
Historically, light availability has been a primary focus when studying SAV habitat 59 requirements (Carter and Rybicki, 1990 ; Korschgen et al., 1997; Moore et al., 1997 ; 60 Moore and Wetzel, 2000) . Salinity and sediment requirements have not received as 61 much attention, but are likely to be very important in estuarine environments due to their 62 variability in both space and time and their differing effects on individual SAV species. 63 SAV communities in the Chesapeake Bay are typically distributed by salinity, 64
with Zostera marina and Ruppia maritima occurring in meso and polyhaline regions, and 65 a variety of freshwater mixed species occurring in oligohaline and tidal fresh regions. 66
Within the oligohaline and tidal fresh regions, over 15 species of SAV have been 67 identified . Many of these species have been shown to have differing 68 salinity tolerances (Teeter, 1965; Haller et al., 1974; Kantrud, 1990; Twilley and Barko, 69 1990 ; French and Moore, 2003; Bergstrom et al., 2006; Frazer et al., 2006) as well as a 70 range of suitable sediment conditions for their growth (Barko and Smart, 1983; Hoover, 71 1984; Barko and Smart, 1986; Chambers and Prepas, 1990 ; Batiuk et al., 2000 ; Jarvis and 72 Moore, 2008) . 73
It is not well understood how different local sediment composition and salinity 74 levels might affect SAV bed growth or how these conditions might affect SAV 75 restoration success when species are planted both singly and in competition with other 76 species. Typically, restoration of SAV has been conducted using a single species 77 approach, while the potential positive interactions of planting multiple species together 78 has generally been overlooked (Halpern et al., 2007) . Previous work has determined that 79 there is considerable potential for SAV restoration in the major Chesapeake Bay 80 tributaries including the James River using both whole plants and seeds ( greater than what would be expected from them individually (Loreau et al., 2001 ). This 91 is due to resource partitioning and facilitative interactions, and has been observed in SAV 92 communities (Salo et al., 2009; Gustafsson and Boström, 2011; Hao et al., 2013) . On the 93 other hand, multi-species assemblages may not increase overall productivity, bed 94 resilience or restoration success due to interspecific competition, which has been shown 95 to be strong in both temperate and tropical SAV communities (Titus and Stephens, 1983; 96 Moen and Cohen, 1989; Van et al., 1999; Spencer and Ksander, 2000; Barrat-Segretain 97 and Elger, 2004) . 98
Here we present results from a microcosm that was designed to test the growth 99 and competitive abilities of low-salinity and freshwater SAV under varying conditions of 100 salinity and sediment type. We address the following research questions: a) What effect 101 will different salinity and sediment types have on plants growing separately in 102 monoculture? b) How will the different treatments alter species interactions when plants 103 are grown in combination? Our goals were to examine the degrees of competition and 104 complementarity among three different species exposed to variable environmental 105 conditions, and to improve the site selection criteria and success of restoration efforts of 106 freshwater and low-salinity tolerant SAV. 107 After planting, each container was placed in the tank in a randomized design. The 147 tank was filled with freshwater, and a drain pipe ensured the water level in the tank never 148 rose above the rim of the containers. This served as a water bath to help keep temperature 149 constant in the containers. The containers were allowed to sit for two days to allow 150 sediment settlement, and then individual air bubblers and aquarium foam/floss, carbon, 151 and zeolite filters were connected to each container. These filters were routinely rinsed 152 and were replaced halfway through the experiment. Clear plexiglass sheets were placed 153 over each container to minimize evaporation and to protect the containers from rain. A 154 neutral density (50% light reduction) shade cloth was placed over the top of the tank to 155 minimize algal growth and to better mimic natural field light availability. 156
Methods
The experiment started on 17-June and ran for 11 weeks. Plants were kept in 157 freshwater until 10-July, when salinity treatments began, in order to allow the plants to 158 recover from any transplant stress. Salinity was elevated in increments over the course of 159 the next 19 days using Forty Fathoms© Crystal Sea® salt. This was done to parallel rates 160 of salinity change which have been observed under natural field conditions in the region 161 (Shields et al., 2012) . The 5 salinity treatments were increased by 1 and the 10 salinity 162 treatments were increased by 2 every 3-4 days during the 19 days until the final 163 concentrations were reached. Salinity was monitored every 3-4 days during this period 164 using a handheld YSI 6000 (Yellow Springs Instrument, Inc.). Additionally, temperature, 165 dissolved oxygen, and pH were also monitored biweekly throughout the experiment. 166
At the end of the experiment prior to harvesting, sediment was sampled for 167 percent organic content and NH 4 + and PO 4 3-. All plant material was harvested and 168 brought to the lab for measurements of maximum shoot length, shoot density, and above 169 and belowground biomass. Biomass was determined by drying the plants at 60°C until a 170 constant weight was obtained. 171
Data Analyses 172
Relative growth rate (RGR) was determined based on natural logarithm 173 transformed dry weights of total biomass (above and below ground). Initial dry weights 174 were subtracted from final dry weights and divided by the length in days of the 175 experiment (gdw gdw -1 day -1 ). Multivariate analyses of variance (MANOVA) were run 176 for all species separately in monoculture for RGR, density, and length, with salinity and 177 sediment as fixed factors. Where appropriate, univariate ANOVAs were then used to 178 analyze treatment effects on individual response variables. Tukey's HSD tests were run 179 when significant differences were found. Before testing, residual plots and QQ plots 180 were observed to ensure normality and homoscedasticity. 181
Relative yield (RY) and relative yield totals (RYT) were calculated for RGR 182 based on Hooper (1998) and Engelhardt and Ritchie (2002) in order to analyze the degree 183 of competition and complementarity among species in the different treatments. To 184 calculate an individual RY, the mean RGR of a species in monoculture was calculated 185 individually for all treatments, and this number was used as the expected mean. Next, the 186 RGR of that species in mixture was calculated by accounting for differences in initial 187 planting densities; i.e. biomass in biculture was multiplied by 2, and by 3 in triculture. 
Environmental Conditions 198
Temperature, pH and dissolved oxygen remained consistent throughout the experiment 199 with no differences among treatments or planting combinations observed. Mean 200 temperature during the dates measured ranged from 26.3 °C to 28.6 °C, mean pH ranged 201 from 8.40 to 8.75, and mean dissolved oxygen ranged from 7.37 mg l -1 to 8.46 mg l -1 . 202
Mean salinity concentrations in the containers prior to their increase were constant for all 203 three salinity treatments at 0.23. After the increases were performed, the target 204 concentrations were met, with mean salinity values always within 0.5 of targets. The 205 mud treatments had higher mean organic content, higher NH 4 + concentrations, and lower 206 PO 4 3concentrations compared with the sand treatments, both at the beginning and at the 207 end of the experiment (Table 1) . 208
Individual species response in monocultures 209
Salinity had significant effects on the performance of H. dubia, but not sediment 210 ( Fig. 1, Table 2 ). Salinity impacted both RGR and density, with 0 and 5 treatments 211 greater than 10 for both parameters. Length showed no significant response. S. pectinata 212 was not significantly impacted by sediment or salinity (Fig. 1, Table 2 ). For V. 213 americana, sediment showed significant effects (Table 2) , with plants growing taller in 214 mud compared with sand, while RGR and density were unaffected (Fig. 1) . 215
Relative Yield 216
V. americana and H. dubia were the most competitive species, significantly 217 overyielding in 6 and 7, respectively, of the possible 18 treatments, and never 218 underyielding (Fig. 2) . S. pectinata was a weak competitor, never overyielding and 219 significantly underyielding in 8 of the treatments (Fig. 2) . 220
Interspecific competition was strong in five of the treatments (Fig. 2) . With H. salinity treatments. On the other hand, the majority of cases in which V. americana 232 significantly overyielded were in the 10 salinity treatments (Fig. 2) . that interspecific competition is stronger when abiotic stress is less. This species was 278 typically a strong competitor at 0 salinity, which was the least stressful for this species. 279
As salinity increased, the degree of competition decreased, as the stress of salinity 280 became the driving factor affecting its performance. V. americana on the other hand, was 281 able to outcompete S. pectinata under a variety of sediment and salinity conditions, 282
indicating that it is able to outcompete weaker competitors under a wider range of 283 conditions than H. dubia. 284
When grown separately in monoculture, H. dubia did not perform well in the 10 285 salinity treatment, and V. americana did not perform well in the sand treatment, however 286 when grown together both in biculture and in triculture, these species exhibited positive 287 interactions. They performed relatively better in mixture than they did by themselves, 288 allowing them to perform well in what would otherwise be stressful conditions. This 289 suggests that these two species are complementary in their resource use and under 290 stressful abiotic conditions this allows them to individually access resources, such as light 291 or nutrients, which would be more limiting to each when growing monotypically 292 (Hooper, 1998; Spehn et al., 2000) . Morphologically, each species responded differently 293 to these stressful conditions when grown in monoculture, as H. dubia decreased clonal 294 reproduction while V. americana decreased shoot elongation. When grown in mixture in 295 sand and 10 salinity, H. dubia's low shoot density and V. americana's stunted shoot 296 height may have worked in complementary ways, allowing maximum resource 297 allocation, though the exact mechanism behind this is beyond the scope of this 298
experiment. 299
This work was done in an experimental setting in relatively small containers 300 rather than a field setting, in order to control and be able to more precisely manipulate the 301 different treatment combinations and to more accurately measure the species interactions. 302
In these types of confined spaces, interspecific competition may be stronger and positive 303 plant interactions weaker than what would be observed in a natural field setting. Results from this study can be used to improve restoration techniques for these 312 species and other similar low-salinity SAV in estuarine environments. Here we show that 313 species typically found growing together in multispecies beds respond differently to 314 changing environmental conditions, so using generalized SAV habitat requirements for 315 restoration targets may have limited success in diverse communities. Individual salinity 316 tolerances should especially be considered, and in estuarine areas where higher salinities 317 (5-10) can be expected occasionally, of the species studied here, V. americana should be 318 considered as a primary restoration species. All three species tolerated a broad range of 319 sediment conditions, so organic content, for example, may not be as limiting a factor for 320 restoration targets as previously indicated. For example, previous SAV habitat 321 requirement studies (Batiuk et al., 2000; Koch, 2001; Kemp et al., 2004) suggested that 322 sediments for freshwater SAV restoration in the Chesapeake Bay should consist of less 323 than 5% organic matter. While high organic sediments may be deleterious for seagrasses 324 growing under high salinity conditions due to potentially high sediment sulfide 325 concentrations (Borum et al., 2005) , this would not be expected to be as great an issue 326 under oligohaline or freshwater conditions. Therefore the sediment habitat requirements 327 for freshwater SAV restoration in some areas may need to be re-evaluated. 328
Typically, restoration of SAV has been conducted using a single-species 329 approach. This study provides strong support for using H. dubia and V. americana 330 together in co-plantings when habitat conditions may occur in the ranges of those studied 331 here. When planted together, both species either performed equally as well, or better, 332 than they did when grown by themselves, especially when stressed. This capacity for 333 complementarity is important as restoration efforts are costly, and improvements to the 334 resiliency of restored beds are critical for success, especially in physically variable 335 estuarine habitats. 
